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HIGHLIGHTS 


►  We  report  a  liquid  phase  deposition  to  synthesize  nano-Li4Ti5012  anchored  on  CNTs. 

►  The  obtained  LuTisO^  are  10—30  nm  in  size  on  CNTs  surface. 

►  Nano-Li4Ti5Oi2/CNTs  composite  can  decrease  the  polarization  of  electrode. 

►  This  nano-Li4Ti50,2/CNTs  composite  displays  superior  electrochemical  performance. 
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Functionalized  multi-walled  carbon  nanotubes  (CNTs)  are  homogeneously  anchored  with  ~50  nm  in 
size  of  Lithium  titanate  (Li4Ti5Oi2)  by  the  controlled  hydrolysis  of  tetrabutyl  titanate.  The  resulted 
Li4Ti50i2/CNT  composite  has  been  investigated  for  electrochemical  activity  with  lithium  ion  batteries, 
displaying  high-rate  capacity  of  112  mAh  g-1  at  20  C.  Furthermore,  the  composite  exhibits  good  cycle 
stability,  retaining  over  98%  of  its  initial  capacity  after  100  cycles  at  5  C.  The  high  capacity  is  attributed  to 
the  unique  property  of  the  Li4Ti50i2/CNTs  nanocomposite,  which  provides  a  short  diffusion  path  for 
lithium  ions  and  rapid  conducting  for  charge  carrier  through  the  high  conductivity  of  CNTs  network. 

©  2012  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  spinel  Li4Ti5Oi2  has  been  emerging  as  one  promising  next 
generation’s  anode  material  for  high  power  lithium  ion  batteries  as 
well  as  hybrid  supercapacitors,  owing  to  its  inherent  characteristics 
[1—5],  Compared  to  carbon  based  anode  materials,  the  spinel 
Li4TisOi2  shows  a  higher  redox  potential  of  approximately  1.55  V 
(vs.  Li/Li+),  which  can  avoid  the  reduction  of  the  electrolyte  on  the 
electrode  surface  and  the  formation  of  a  solid  electrolyte  interface 
[6-8],  Furthermore,  as  a  zero-strain  insertion  material,  the  spinel 
Li4Ti50i2  possesses  excellent  reversibility,  structural  stability  and 
excellent  lithium  ion  mobility  in  the  charge— discharge  process, 
which  makes  Li4Ti50i2  particularly  attractive  for  large  scale  energy 
storage  [9,10],  However,  Li4TisOi2  is  insulating  in  nature  with  a  low 
electronic  conductivity  (<10-9  S  m-1),  resulting  in  poor  rate 
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capability  and  the  great  degradation  of  capacity  upon  prolonged 
cycling  [11],  Many  efforts  have  been  taken  to  ameliorate  its  rate 
capability,  including  tailoring  particle  size  [12,13]  and  surface 
coatings  with  conductive  materials  [14-16]  or  doping  the  other 
metal  ions  [17-20],  Recently,  nanostructured  Li4TisOi2  is  expected 
to  exhibit  ameliorated  rate  capability  because  of  the  short  transport 
path  of  lithium  ions  and  electrons.  Also,  the  nanostructure  offers 
sufficient  contact  interface  between  active  materials  and  electro¬ 
lyte,  resulting  in  a  high  Li  storage  capacity  and  high  rates  of 
insertion. 

Carbon  nanotube  is  a  one-dimensional  tubular  structure  nano¬ 
material,  which  is  considered  to  be  an  excellent  substrate  to  host 
active  nanomaterials  for  energy  applications  due  to  its  superior 
electrical  conductivity,  large  surface  area,  chemical  and  mechanical 
stability  [21-24],  Numerous  CNTs-based  inorganic  nanocomposite 
with  metal  and  metal  oxides  have  been  successfully  synthesized, 
showing  excellent  properties  of  these  host  materials  [25—28],  It  is 
well  accepted  that  nanomaterials  have  potential  advantages  of 
good  cycling  performance  and  short  path  for  Li+  transport  over 
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their  bulk  counterparts  due  to  the  large  contact  area  between 
electrode  and  electrolyte  [29,30].  Therefore,  it  is  highly  desirable  to 
improve  the  capacity  of  Li4Ti5012  by  electrically  wiring  up  Li4Ti50i2 
nanoparticles  to  an  underlying  conducting  CNTs  substrate.  Among 
many  reported  methods  for  this  binary  composite,  sol— gel  method, 
followed  by  heat-treatment  at  elevated  temperatures,  is  the  most 
common  method  to  introduce  the  inorganic  phase  onto  the  CNTs 
substrate.  Despite  the  remarkable  progress,  many  technical  issues 
related  to  the  sol-gel  method  remain  to  be  addressed  [31-34],  For 
instance,  the  heat-treatment  process  often  causes  the  phase  sepa¬ 
ration  between  surface  LLjTisOn  and  underneath  CNTs,  leading  to 
unwanted  particles  growth. 

Here,  we  report  a  facile  liquid  phase  deposition  method  to 
synthesize  composite  of  Li4TisOi2  nanoparticles  anchored  on  con¬ 
ducting  CNTs  substrate  as  an  anode  material.  The  obtained  Li4TisOi2 
nanoparticles  are  about  50  nm  in  size  and  homogeneously 
anchored  on  the  surface  of  CNTs.  The  nano-Li4Ti5Ot2/CNTs 
composite  exhibited  superior  performance  with  high  reversible 
capacity,  excellent  cyclic  performance  and  good  rate  capability. 

2.  Experimental 

All  of  the  reactants  were  of  analytical  grade  and  used  without 
further  purification.  The  multi-walled  CNTs  with  an  outer  diameter 
of  about  40—60  nm  were  purchased  from  Shenzhen  Nanotech  Port 
Co.  Ltd.  The  pristine  CNTs  were  purified  by  ultrasonic  treatment  in 
2.6  mol  L-1  nitric  acid  for  0.5  h,  and  washed  by  deionized  water  and 
ethanol,  then  drying  for  12  h  under  vacuum  at  80  °C  before  use. 

The  nano-Li4TisOi2/CNTs  composite  was  prepared  by  a  liquid 
phase  deposition  method.  The  predetermined  amount  of  CNT  in 
nano-LLjTisO^/CNTs  composite  is  10  wt%.  Typically,  0.3  g  purified 
CNTs  were  dispersed  in  24  mL  ethanol  with  sonication  for  1  h  and 
then  10.2  g  tetrabutyl  titanate  was  added  under  vigorous  magnetic 
stirring.  1.6632  g  lithium  acetate  was  dissolved  into  26  mL  of 
ethanol— water  mixture  (12:1  in  volume)  and  slowly  dropped  into 
the  above  suspension.  After  24  h  continuous  stirring,  the  mixture 
was  aged  at  60  °C  over  60  h  to  remove  solvents  gradually  and 
ground  in  a  mortar.  The  precursor  was  calcined  at  900  °C  under  N2 
for  1  h  with  a  heating  rate  of  5  °C  min-1  to  obtain  the  nano- 
LLtTisO^/CNTs  composite. 

For  comparison,  the  bulk  Li4Ti50i2/CNTs  composite  was 
prepared  via  a  sol-gel  route  using  acetic  acid  as  the  chelating 
agent.  In  a  typical  procedure,  0.3  g  purified  CNTs  and  4  mL  acetic 
acid  were  dispersed  in  24  mL  ethanol  with  sonication  for  1  h  and 
then  10.2  g  tetrabutyl  titanate  and  2  mL  hydrochloric  acid  were 
added  under  vigorous  stirring  to  obtain  the  solution  A.  1.6632  g 
lithium  acetate  was  dissolved  in  the  mixture  solutions  of  12  mL 
ethanol  and  2  mL  deionize  water  to  obtain  solution  B.  With  stirring, 
B  solution  was  gradually  dropped  into  A  solution  and  then 
a  colloidal  solution  was  obtained.  After  slowly  hydrolyzing  for 


several  hours,  gel  formed.  The  resulting  gel  was  dried  at  60  °C  over 
60  h  to  extract  out  excess  solvents  and  yield  dried  gel  precursors. 
The  dried  gel  was  preheated  at  450  °C  for  5  h  and  then  calcined  at 
800  °C  for  10  h  to  obtain  the  bulk  Li4Ti50i2/CNTs  composite. 

The  crystal  structure  of  the  as-prepared  materials  were  char¬ 
acterized  by  X-ray  diffraction  measurements  (XRD,  Rigaku/ 
mac250)  using  Cu  Ka  radiation  in  the  28  range  of  10—90°.  The 
microstructural  of  the  synthesized  materials  were  observed  by 
field-emission  scanning  electron  microscopy  (FESEM,  ZEISS  supra 
55)  and  transmission  electron  microscopy  (TEM,  JEOLJEM-200CX). 
Thermogravimetric  (TG)  analysis  was  performed  on  a  TG  instru¬ 
ment  (Mettler-Toledo  TGA/DSC  1 )  with  a  heating  rate  of  5  °C  min  1 
from  50  to  800  °C  in  air  atmosphere. 

The  electrochemical  properties  were  carried  out  by  galvano- 
static  cycling  in  a  two-electrode  electrochemical  cell.  The  working 
electrodes  were  prepared  by  mixing  80  wt.%  active  materials, 
10  wt.%  Super  P,  and  10  wt.%  polyvinylidene  fluoride  dissolved  in  N- 
methylpyrrolidinone.  The  resultant  slurry,  spread  uniformly  on 
copper  foil,  was  dried  at  120  °C  under  vacuum  for  12  h.  The  coin 
cells  (2032)  were  assembled  in  an  argon-filled  glove  box  using  Li 
foil  as  counter  electrode,  Celgard  2400  as  separator,  and  1  M  LiPF6 
in  a  1:1:1  (volume)  mixture  of  ethylene  carbonate,  dimethyl 
carbonate  and  ethylmethyl  carbonate  as  the  electrolyte.  The  cells 
were  tested  at  various  current  densities  using  a  LAND-CT2001 A  cell 
test  instrument  with  voltage  window  of  1—2.5  V  (vs.  Li/Li+).  Cyclic 
voltammograms  were  recorded  from  1  to  2.5  V  at  different  scan¬ 
ning  rates  using  a  CHI660C  electrochemical  workstation. 

3.  Results  and  discussion 

As  mentioned  above,  our  synthesis  process  is  different  from  the 
previously  reported  preparation  of  Li4Ti50i2/CNTs  composites 
[35-37],  in  which  nanoparticles  were  mechanically  mixed  with 
CNTs.  The  overall  synthetic  process  of  Li4TisOi2/CNTs  nano¬ 
composite  is  illustrated  in  Fig.  1.  Firstly,  the  CNTs  surfaces  was 
functionalized  using  concentrated  nitric  acid  that  introduces 
functional  groups  such  as  carboxyl  (-COOH),  hydroxyl  (-OH),  and 
carbonyl  (-CO)  groups.  These  functional  groups  not  only  facilitate 
the  dispersion  of  CNTs  but  also  serve  as  nucleation  centers  for  the 
condensation  and  polymerization.  Then,  the  TiCh  nanoparticles 
were  anchored  on  the  surface  of  CNTs  by  the  controlled  hydrolysis 
of  tetrabutyl  titanate.  Finally,  the  Ti02/CNTs  were  converted  to 
Li4Ti50i2/CNTs  nanocomposite  by  a  short  heat-annealing. 

Fig.  2  presents  the  XRD  patterns  of  the  CNTs,  bulk  Li4Ti50i2/CNTs 
and  nano-LLtTisO^/CNTs  composites.  The  CNTs  displays  a  broad 
diffraction  peak  centered  at  26  =  26°,  which  corresponds  to  the 
(002)  plane  of  the  stacked  graphene  layers  in  the  CNTs.  The  main 
diffraction  peaks  of  bulk  Li4TisOi2/CNTs  and  nano-LLiTisOn/CNTs 
can  be  indexed  as  a  cubic  spinel  structure  Li4TisOi2  according  to 
JCPDS  No.00-49-0207  and  no  impurity  peaks  can  be  found. 
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Fig.  1.  Schematic  illustration  of  the  synthesis  process  of  1 
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Fig.  2.  XRD  patterns  of  purified  CNTs,  bulk  Li4Ti5012/CNTs  composite  and  nano- 
Li4Ti50i2/CNTs  composites. 


Furthermore,  an  additional  small  and  low  broad  diffraction  peak 
labeled  by  asterisk  (*)  appears  at  26  value  of  26°,  which  corresponds 
to  the  typical  diffraction  peaks  of  CNTs.  These  results  indicate  that 
the  addition  of  CNTs  has  no  influence  on  the  crystal  structure  of 
spinel  Li4Ti50i2  during  the  heat-treatment. 

Fig.  3  displays  the  FESEM  and  TEM  images  of  the  purified  CNTs, 
nano-LL}Ti50i2/CNTs,  and  bulk  L^TisO^/CNTs  respectively.  Fig.  3a 
presents  the  image  of  the  randomly  entangled  CNTs  with  an  outer 
diameter  of  approximately  40—60  nm.  From  the  image  of  the  nano- 
Li4Ti5Oi2/CNTs  composite  (Fig.  3b),  it  can  be  seen  that  the  Li4Ti5Oi2 


nanoparticles  have  a  size  of  ~50  nm  and  are  homogeneously 
anchored  on  the  surface  of  functionalized  CNTs,  and  the  CNTs 
extends  in  all  directions  like  a  stretched  network.  It  should  be 
emphasized  that  the  crystal  structure  and  grain  size  of  bulk 
Li4Ti50i2/CNTs  composite  obtained  by  sol— gel  method  have  been 
changed  obviously.  The  size  of  LLfTisO^  particles  in  LLjTisO^/CNTs 
composite  is  about  200—700  nm  and  some  of  them  aggregated 
(Fig.  3c).  The  functionalized  CNTs  are  distributed  among  Li4Ti5Oi2 
particles  randomly.  TEM  was  further  performed  to  characterize  the 
microstructures  and  crystal  structures  of  the  nano-LLjTisO^/CNTs 
composite  (Fig.  3d).  It  is  clear  that  a  very  large  quantity  of  the 
Li4Ti50i2  nanoparticles  with  a  size  of  ~50  nm  were  uniformly 
anchored  on  the  surface  of  CNTs.  As  can  be  seen  from  Fig.  3d  inset, 
there  are  two  kinds  of  lattice  fringes  with  a  lattice  spacing  of  about 
0.48  nm  and  0.34  nm  corresponding  to  the  (111)  plane  of  spinel 
Li4TisOi2  and  the  (002)  crystalline  planes  of  the  multi-walled  CNTs 
respectively,  which  confirms  the  formation  of  the  nano-Li4Ti5Oi2/ 
CNTs  composite.  Additionally,  no  obvious  aggregations  of  the 
Li4Ti50i2  nanoparticles  are  observed  in  the  composite,  indicating 
that  the  nuclei  are  predominantly  on  the  exterior  surfaces  of  CNTs. 
Although  the  exact  growth  mechanism  has  not  been  completely 
understood,  we  suggest  that  oxygen  containing  functional  groups 
on  functionalized  CNTs  can  act  as  anchoring  or  nuclei  for  the 
growth  of  Li4Ti50i2.  During  the  calcination  process,  many  nuclei 
form  on  the  surface  of  CNTs  and  grow  in  the  same  time,  resulting  in 
smaller  size  of  Li4TisOi2  particles.  It  is  worth  noting  that  during  the 
calcination  process,  the  nanoparticles  are  still  strongly  anchored  on 
the  surface  of  CNTs  with  a  high  density,  suggesting  a  strong  inter¬ 
action  between  nanoparticles  and  CNTs.  The  strong  anchoring  of 
Li4Ti50i2  nanoparticles  on  CNTs  surface  enables  fast  electron 
transport  through  the  underlying  CNTs  to  nanoparticles,  resulting 
in  superior  rate  capability.  On  the  other  hand,  the  nanoparticles 
anchored  on  the  surface  of  CNTs  can  act  as  spacers  to  efficiently 


Fig.  3.  FESEM  images  of  functionalized  CNTs  (a),  nano-Li4Ti5Oi2/CNTs  composite  synthesized  by  liquid  phase  deposition  (b),  and  bulk  Li4Ti50i2/CNTs  composite  synthesized  by 
sol-gel  method  (c);  TEM  image  (d)  and  high  resolution  TEM  image  (inset  of  d)  of  nano-Li4Ti5Oi2/CNTs  composite  synthesized  by  liquid  phase  deposition. 
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prevent  the  restacking  of  CNTs,  weakening  the  loss  of  their  high 
active  surface  area.  The  TG  result  indicates  that  the  exact  content  of 
CNTs  in  the  nano-Li4Ti5Oi2/CNTs  composite  was  9.64  wt.%  (Fig.  4), 
which  is  quite  close  to  the  predetermined  ratio. 

The  electrochemical  performance  of  the  nano-L^TisO^/CNTs 
electrodes  was  characterized  by  cyclic  voltammograms  (CV)  within 
a  potential  window  of  1—2.5  V  (vs.  Li/Li+).  From  the  CV  comparison 
shown  in  Fig.  5,  it  can  be  seen  that  the  CV  curve  of  the  nano- 
Li4Ti50i2/CNTs  electrode  is  similar  to  that  of  the  bulk  Li4Ti50i2/CNTs 
electrode  and  a  pair  of  reversible  redox  peaks  can  be  clearly 
observed.  In  addition,  the  anodic  and  cathodic  peaks  are  sharp, 
indicating  the  good  electrode  kinetic  process  of  the  nano-Li4Ti50i2/ 
CNTs  composite.  At  a  scan  rate  of  1  mV  s-1,  it  should  be  noted  that 
the  redox  peak  profile  is  located  at  1.460/1.736  V  (vs.  Li/Li+)  for  the 
nano-Li4TisOi2/CNTs  composite,  and  1.372/1.781  V  for  the  bulk 
LLtTisO^/CNTs.  The  potential  separation  between  the  oxidation  and 
reduction  peaks  can  reflect  the  polarization  degree  of  the  electrode. 
The  nano-Li4Ti50i2/CNTs  electrode  has  a  smaller  potential  separa¬ 
tion  compared  with  the  bulk  Li4TisOi2/CNTs  electrode,  showing 
a  weak  polarization.  These  could  be  attributed  to  the  following 
reason.  First,  the  smaller  size  ( ~  50  nm)  makes  shorter  distance  for 
Li+  ions  diffusion  in  Li4Ti50i2  particles,  and  benefits  the  diffusion 
process.  Moreover,  the  higher  surface  area  of  nano-Li4TisOi2/CNTs 
composite  providing  a  higher  electrode/electrolyte  contact  surface 
area  results  in  the  low  current  density  and  low  electrochemical 
reaction  resistance  during  the  rapid  charge/discharge  process. 

The  discharge  curves  of  the  nano-Li4Ti5012/CNTs  and  bulk 
Li4Ti50i2/CNTs  electrodes  at  different  rates  are  shown  in  Fig.  6.  For 
the  nano-Li4TisOi2/CNTs  (Fig.  6a),  the  discharge  capacity  is 
171  mAh  g-1  at  1  C  (the  capacity  is  calculated  based  on  the  weight 
of  the  LLtTi50i2  in  the  Li4TisOi2/CNTs  electrode.  If  the  weights  of 
CNTs  are  included,  the  overall  capacities  of  the  composites  should 
be  ~90%  of  the  reported  capacities.),  very  close  to  the  theoretical 
value  (175  mAh  g-1),  while  it  is  only  162.9  mAh  g _1  for  the  bulk 
Li4TisOi2/CNTs  (Fig.  6b).  Although  the  cell  voltage  decreases  with 
increasing  current  density,  it  also  shows  a  flat  potential  plateau 
even  at  20  C.  At  the  rate  of  10  C,  the  bulk  Li4Ti50i2/CNTs  has  no 
clear  discharge  voltage  plateau,  and  the  capacity  is  only 
76.4  mAh  g-1.  Fig.  7  compares  the  rate  capabilities  of  the  nano- 
LLtTisO^/CNTs  and  bulk  Li4TisOi2/CNTs  electrodes  at  different 
rates.  The  discharge  capacities  of  bulk  Li4Ti50i2/CNTs  decrease 
steeply  with  increasing  discharge  rates,  whereas  the  nano- 
Li4Ti50i2/CNTs  decrease  much  slower  at  the  same  rate.  It  is 


Voltage/ V 


Fig.  5.  Cyclic  voltammograms  of  nano-LUTisOiz/CNTs  and  bulk  Li4Ti50i2/CNTs  elec- 


noteworthy  that  the  obtained  capacity  (112  mAh  g-1)  of  Li4TisO  12/ 
CNTs  nanocomposites  at  the  20  C  is  higher  than  that  obtained  at 
the  5  C  (106.5  mAh  g  ’)  for  the  bulk  Li4Ti50i2/CNTs.  This  signifi¬ 
cantly  improved  rate  capability  of  the  nano-LUTisOo/CNTs  elec¬ 
trode  could  be  explained  mainly  by  the  reduced  resistance  and 
polarization  of  the  electrode  as  described  above.  The  nano- 


Capacity/  mAh  g"1 


Capacity/mAh  g'1 

Fig.  6.  Discharge  curves  of  nano-LUTisO^/CNTs  composite  (a)  and  bulk  LUTisO^/CNTs 
composites  (b). 
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Fig.  7.  Comparison  of  the  rate  capabilities  of  nano-Li^isO^/CNTs  and  bulk 
Li4Ti50i2/CNT. 
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LUTisO^/CNTs  composite  also  exhibited  excellent  cyclability  with 
no  noticeable  decrease  in  performance  over  100  cycles  (Fig.  8).  The 
discharge  capacity  loss  was  0.5%  at  1  C  and  2%  at  5  C.  This  result 
demonstrates  that  the  structure  of  the  nanocomposite  is  very 
stable,  and  the  Li+  ions  insertion/extraction  process  is  quite 
reversible  even  at  high  rates. 

The  superior  rate  capability  and  good  cycling  stability  of  the 
nano-LLjTisO^/CNTs  composites  may  be  attributed  to  the  following 
three  aspects.  Firstly,  The  CNTs  work  as  a  highly  conductive  matrix 
between  Li4Ti50i2  nanoparticles,  which  decreases  the  inner  resis¬ 
tance  of  composite,  therefore  leading  to  enhanced  Li  storage 
properties.  Secondly,  the  intimate  interaction  between  the  CNTs 
substrates  and  the  L^TisO^  nanoparticles  directly  grown  on  them 
makes  Li+  ions  effectively  and  rapidly  conduct  back  and  forth  from 
the  Li4Ti50i2  nanoparticles  to  the  current  collector  through  the 
highly  conducting  CNTs  network.  Thirdly,  uniform  dispersion  of  the 
nanosized  LUTisO^  particles  growing  on  the  CNTs  matrices  avoids 
aggregation,  which  is  desired  for  cycle  stability.  Based  on  the  above 
analyses,  it  is  concluded  that  the  synergetic  effect  between  con¬ 
ducting  CNTs  and  L^TisO^  nanoparticles  is  responsible  for  the 
excellent  electrochemical  performance  of  the  overall  electrode  via 
the  maximum  utilization  of  electrochemically  active  CNTs  and 
nanosized  LLtTisO^. 


4.  Conclusions 


In  summary,  the  Li4Ti5012/CNTs  nanocomposite  with  excellent 
electrochemical  properties  has  been  successfully  prepared  through 
a  facile  liquid  phase  deposition.  The  LUTisOn  nanoparticles  with  a  size 
of  about  50  nm  were  homogeneously  anchored  on  CNTs  and  effectively 
prevented  the  LLjTisO^  nanoparticles  from  aggregating  together.  The 
Li4Ti50i2/CNTs  nanocomposite  exhibited  remarkable  electrochemical 
property  including  highly  reversible  capacity,  superior  rate  capability 
and  good  cycling  stability,  which  makes  it  quite  a  suitable  and  prom¬ 
ising  anode  material  for  high-performance  lithium  ion  batteries. 
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